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Abstract The capability of the adsorption of 2-chloro-
phenol (2-CPh) and 2,4-dichlorophenol (2,4-DCPh) from
aqueous solutions with mesoporous silica material MCM-
48 after functionalizing with amine groups, such as
3-(trimethoxysilyl)propyl amine and tetraethylenepent-
amine, was investigated in this study. It was found that
amino-modified ordered mesoporous silica materials show
significant adsorption for 2-CPh and 2,4-DCPh. This is
possible due to the alkaline and acid interactions among the
amine functional groups and chlorophenols. The adsor-
bents were characterized by X-ray diffraction, nitrogen
adsorption–desorption isotherms and Fourier transform
infrared. Batch adsorption studies were done to study the
effect of various parameters like chemical modification,
pH, contact time, adsorbent dose and initial concentration.
It was found that adsorption of 2-CPh and 2,4-DCPh
depends upon the solution pH. Adsorption data were
modeled with the Langmuir and Freundlich adsorption
isotherms. The data fitted the Freundlich isotherm model
better than Langmuir. The kinetics analysis revealed that
the overall adsorption process was successfully fitted with
the pseudo-first-order kinetic model.
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Introduction
The rapid increase of organic wastes from various
industries and other sources over the past several
decades has led organic pollutants to be widely dis-
tributed in the hydrosphere. Chlorophenol represent an
important class of environmental water pollutants. [1]
Many of these compounds are normally used in her-
bicides [2], insecticides [3], wood preservatives and
industries as synthesis intermediates or as raw materials
in the manufacturing of pharmaceuticals and dyes [4].
The presence of phenolic compounds in wastewater is a
very important issue because of their toxicity and
threat to the environment and human life. Chlorophe-
nols cause not only the taste and odor problems even at
concentrations below 0.1 lg L-1 [5], but also severe
adverse effects such as toxicity, carcinogenicity [6, 7]
and degradation of the water quality for consumptive
use. Various processes were developed to treat the
phenol-containing effluents including catalytic oxida-
tion [8], biodegradation [9], solvent extraction [10] and
adsorption [11]. Among these methods, adsorption is
still the most versatile and widely used method, since it
can remove many types of pollutants. Adsorption is an
economical method for water decontamination appli-
cations and for separation in analytical purposes, and it
is frequently used for the removal of phenolic pollu-
tants [12]. Different adsorbents such as activated car-
bon [13, 14], zeolites [15], clay [16, 17] and chitosan
[18, 19] were investigated for the removal of phenol
and phenolic pollutants from wastewater. Even if
activated carbon, obtained from different carbonaceous
materials such as wood, nutshells and fruit stones, peat,
charcoal, lignite, bituminous coal, and petroleum coke,
are the most widely used adsorbents, the relatively high
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cost, the poor mechanical strength and sorbent losses
during regeneration, limit their use [20]. Therefore, it
is important to develop effective adsorbents with short
adsorption equilibrium times for the removal of toxic
species from aqueous solutions. Recent studies have
shown that mesoporous materials [21–25] can have
improved recoverability, large adsorption capacity and
good selectivity for the adsorption of toxic compounds
from aqueous solutions. Mesoporous materials are a
class of nanoporous materials that were discovered in
1992 by the Mobil oil researchers [26, 27]. These
materials, in particular, MCM-41 and MCM-48, have
attracted much research attention owing to their
potential applications as catalysts, catalyst supports and
adsorbents [28–34]. The nanoporous silica material
offers a number of potential advantages as adsorbents
including regular channel type structures, high surface
area and larger pore diameter and volume. Their
modification by functionalized molecules can lead to
adsorbents with specific properties [35, 36]. Removal
of harmful organics by mesoporous materials grafted
with organic or metal complexes has drawn much
attention [24, 37].
In this study, MCM-48 was prepared and functional-
ized with 3-(trimethoxysilyl)propyl amine (TMSPA) and
tetraethylenepentamine (TEPA) by post-synthesis treat-
ment. Actually, the presence of free electron pairs of
amine group within modified mesoporous MCM-48
materials leads to the sorptive properties for weak acidic
organic compounds in water. Accordingly, amine groups
are effective for the adsorption of organic compounds
due to their potential charge association or high
adsorption energy. The textural properties and structural
order of the mesoporous materials were studied by
nitrogen adsorption and XRD. The presence of amino
functional groups on the surface of mesoporous silica
was confirmed by means of FTIR analysis. The present
work deals with the adsorption of 2-chlorophenol (2-
CPh) and 2,4-dichlorophenol (2,4-DCPh) from aqueous
solutions on a new nanosorbent; mesoporous silica
modified with 3-(trimethoxysilyl)propyl amine(MCM-48/
TMSPA) and mesoporous silica modified with tetraeth-
ylenepentamine (MCM-48/TEPA). It was found that
these adsorbents show good adsorption for chlorophe-
nols. The effects of various operating parameters such as
effect of adsorbent dose, initial concentration of chlor-
ophenols, the pH of the solution and contact time were
thoroughly studied. The equilibrium data are fitted into
Langmuir and Freundlich equations to determine the
correlation between the isotherm models and experi-
mental data. The experimental data were also analyzed
using the kinetic constants and first- and second-order
kinetic models were calculated.
Experimental
Materials
The reactants used in this study were tetraethyl orthosili-
cate (TEOS) as a silica source, cetyltrimethylammonium
bromide (CTAB) as a surfactant, sodium hydroxide
(NaOH) and sodium fluoride (NaF) for synthesis of mes-
oporous silica (MCM-48), tetraethylenepentamine and
ethanol for functionalization of mesoporous silica (MCM-
48/TEPA); 3-(trimethoxysilyl)propyl amine and dry Tolu-
ene were used to prepare modified mesoporous silica
(MCM-48/TMSPA). 2-Chlorophenol (2-CPh) and 2,4-
dichlorophenol (2,4-DCPh) were used as adsorbate. All
chemicals were of analytical grade and obtained from
Merck(Germany).
Synthesis of mesoporous silica (MCM-48)
MCM-48 was prepared according to the procedure
described by Shao et al. [38]. In a representative synthesis,
the MCM-48 was prepared as follows: 10 mL of tetraethyl
orthosilicate was mixed with 50 mL of deionized water and
the mixture was stirred for 45 min at 308 K, then 0.9 g of
sodium hydroxide and 0.19 g sodium fluoride were added
into the mixture. After another 60 min, 10.61 g of cetyl-
trimethylammonium bromide was added to the mixture,
and further stirring continued for another 60 min. The
mixture was heated for 24 h at 393 K in an autoclave under
static conditions, and the final product was filtered, washed
with deionized water and dried at 373 K. The samples were
then calcined in air for 4 h with increasing the temperature
to 823 K at 1 C/min of the heating rate.
Synthesis of MCM-48 functionalized
with 3-(trimethoxysilyl)propyl amine
The grafting modification method was employed in this
study. In 70 mL of dry toluene, 0.1 g of MCM-48 was
suspended and 2 mL of 3-(trimethoxysilyl)propyl amine
was added under a dry nitrogen atmosphere. The mixture
was then refluxed for 12 h. The solid product was filtered,
washed with dichloromethane and ethanol and was dried. It
was then soxhlet extracted with mixture of ethanol and
dichloromethane (1:1) to remove the silylating reagent
residue and dried overnight at 70 C under a vacuum and
denoted as MCM-48/TMSPA.
Synthesis of MCM-48 functionalized
with tetraethylenepentamine
In 50 g ethanol, 1 g of tetraethylenepentamine (TEPA) was
dissolved under stirring for 40 min at room temperature
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and then 2 g mesoporous silica was added. After refluxing
for 4 h, the resulting mixture was evaporated at 80 C.
Finally, the products were dried in air for 1 h at 100 C and
denoted as MCM-48/TEPA.
Characterization
Nitrogen adsorption–desorption isotherms of the synthe-
sized materials were measured on Micromeritics model
ASAP 2010 sorptometer. Surface area of the material was
measured by Brunaure–Emmet–Teller (BET) method. The
X-ray diffraction (XRD) patterns were recorded on a Phi-
lips 1830 diffractometer using Cu-Ka radiation. The dif-
fractograms were recorded in the 2h range of 1–10 with a
2h step size of 0.01. The Fourier transform infrared
spectra (FT-IR) for the materials were measured on a
DIGILAB FTS 7000 instrument under attenuated total
reflection mode.
Adsorption procedure
Adsorption behavior was studied by a batch method, which
permits convenient evaluation of parameters that influence
the adsorption process such as contact time, chemical
modification, initial concentration, adsorbent dose and
solution pH. A series of aqueous solutions of chlorophenols
with the same pH and their concentration ranging from 50
to 500 mg L-1 were prepared by dissolving pure analytes
in double-distilled water. In each adsorption experiment,
0.01 g adsorbent was added to 25 mL chlorophenols
solutions. The solutions were stirred constantly to observe
the effect of pH; chlorophenols with the same initial con-
centration were adjusted to different pH (3–10) using
0.1 mol L-1 NaOH or 0.1 mol L-1 HCl solutions. The
resulting mixture was continuously shaken in a shaking
bath with a speed of 200 shakes/min at 293 K for 3 h until
equilibrium was reached. After adsorption, the residual
concentration of chlorophenols (2-chlorophenol and 2,4-
dichlorophenol) in the filtrate was subsequently determined
using the spectrophotometer at the wavelength corre-
sponding to the maximum absorbance. In order to reduce
the measurement errors, the UV absorption intensity for
each equilibrium solution was measured in triplicates and
the average value was used to calculate the equilibrium
concentration; based on a standard calibration curve whose
correlation coefficient square (r2) was 0.99. The amount of
chlorophenols adsorbed per unit mass of the qe (mg g
-1)
was calculated by the following equation:
qe ¼ ðC0  CeÞV
W
; ð1Þ
where qe is the adsorption capacity (mg g
-1) of the
adsorbent at equilibrium; Ce and C0 are the equilibrium and
the initial concentrations of solute (mg L-1), respectively;
V is the volume of the solution (L), and W is the mass (g) of
adsorbent used in the experiments.
Adsorption kinetics of chlorophenols
For the adsorption kinetics measurement of chlorophenols
onto adsorbent, 25 mL of the chlorophenol solution with an
initial concentration of 500 mg L-1 was transferred into a
flask and mixed with 0.01 g of amino-modified ordered
mesoporous silica materials. Samples were taken from the
solution by filtration at different time intervals. The con-
centration of chlorophenol in the residual solution was
determined and the amount of adsorption (qt) was calcu-
lated according to Eq. (2).
qt ¼ ðC0  CtÞV
W
; ð2Þ
where qt is the amount of adsorption at time t, C0 is the
initial concentration of chlorophenol in the solution, Ct is
the concentration of chlorophenol in the solution at time t,
V is the volume of the solution, and m is the mass of amino-
modified ordered mesoporous silica materials (MCM-48/
TMSPA or MCM-48/TEPA).
Results and discussion
Physical and chemical properties of the adsorbents
N2 adsorption–desorption measurements indicate that
amino-modified ordered mesoporous silica materials pos-
sess good mesopore structure ordering and a relatively
narrow pore size distribution. In addition, modified MCM-
48 materials have a lower BET surface area compared to
MCM-48 materials (Fig. 1). Different BET surface areas
are a result of the different pore volumes. The lower values
Fig. 1 Adsorption–desorption isotherms of nitrogen at 77 K over
MCM-48, MCM-48/TMSPA and MCM-48/TEPA
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of composite compared with pure MCM-48 are mainly
attributed to the presence of the dense amine group.
From the nitrogen sorption isotherms of mesoporous
silica before and after modification, it can be seen that their
isotherms are similar to the shape of type IV [39]. Table 1
shows textural properties of modified and calcined MCM-
48 mesoporous materials including BET surface area,
average pore diameter and pore volume. Large pore
diameter and pore volume and high surface area of the
samples indicate that the samples have mesoporous
structure.
In order to check the structural degradation, XRD data
of MCM-48 and amino-functionalized mesoporous silica
materials were obtained on diffractometer using Cu-Ka
radiation of wavelength 0.154 nm. Figure 2 shows the
XRD peaks of the samples. The XRD patterns of MCM-48
exhibit two peaks at 2h smaller than 3 and a series of weak
peaks in the range 3.5–5.5 as expected for MCM-48
phase. They are assigned to the (2 1 1), (2 2 0), (4 2 0), (3 3
2), and (4 2 2) reflections in the Ia3d space group. The
peaks obtained in this study for MCM-48/TMSPA and
MCM-48/TEPA highly match with the similar peaks
reported in Refs. [40, 41].
Qualitative identification of functional groups was accom-
plished by FT-IR spectroscopy. Figure 3 shows the FT-IR
spectrum of unfunctionalized and amino-functionalized
MCM-48 materials over the range of 4,000–400 cm-1. A
broad band in the range of 3,700–3,037 cm-1 is seen which
can be attributed to the framework of Si–OH group interaction
with the defect sites and adsorbed water molecules. The Si–OH
peak appears at about 3,409 cm-1, while peaks for the weak
single Si–OH groups derived from the germinal Si–OH groups
were observed at 3,708 cm-1. The asymmetric stretching
vibrations of Si–O–Si and Si–OH are observed by the
absorption bands at 900–1,529 cm-1 and the band at
790.68 cm-1 is assigned to free silica. In general, the func-
tionalized silica with amino groups show a broad NH2 sym-
metric and asymmetric stretching vibrations at 3,050–
3,650 cm-1, an N–H deformation peak at 1,625–1,434 cm-1,
C–H stretching of methyl groups at 3,000–2,850 and
1,467 cm-1. In addition, in comparison with the MCM-48/
TEPA, the amino bands are weaker for MCM-48/TMSPA.
Adsorption studies
Effect of chemical modification
In general, the adsorption capacity depends on the chemical
and physical properties of the surface of adsorbent. It is clear
from the Fig. 4 that the MCM-48 modified by amines group
possessed the higher adsorption capacity towards 2-CPh and
2,4-DCPh than the MCM-48. The order of adsorption in terms
of the amount adsorbed (mg g-1 adsorbent) on the adsorbents
is MCM-48/TMSPA [ MCM-48/TEPA [ MCM-48.
The pure silica surface does not provide strong adsorp-
tion sites to interact strongly with chlorophenols (167 and
155 mg g-1 for 2,4-DCPh and 2-CPh, respectively). The
maximum adsorption capacity of chlorophenols by meso-
porous silica was enhanced through functionalization with
amine groups (300, 350 mg g-1 for 2-CPh on MCM-48/
TEPA and MCM-48/TMSPA, respectively and 315,
Table 1 Textural properties determined from nitrogen adsorption–
desorption experiments at 77 K
Adsorbent d spacing (nm) ABET (m
2 g-1) Vp (cm
3 g-1)
MCM-48 3.1 1,312.6 1.22
MCM-48/TMSPA 2.6 574.8 0.65
MCM-48/TEPA 2.4 528.3 0.53
Fig. 2 XRD patterns of MCM-48 (a), MCM-48/TEPA (b) MCM-48/
TMSPA (c)
Fig. 3 FTIR spectra of MCM-48/TEPA (a), MCM-48 (b), MCM-48/
TMSPA(c)
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362 mg g-1 for 2,4-DCPh on MCM-48/TEPA and MCM-
48/TMSPA, respectively). The higher adsorption capacity
of mesoporous silica materials functionalized with amine
may be explained to proceed via electrostatic interaction
between the surface of adsorbent and chlorophenol; also
this may be because of the hydrophobicity created by
amine groups. It is also surmised that the presence of a free
electron pair causes more interaction between chlorophe-
nols and adsorbent in modified MCM-48. In other words,
chlorophenols are weak acids and there are acid and
alkaline interactions among amine groups and chlorophe-
nols. For comparison, the adsorption capacities for chlo-
rophenol showed by different common adsorbents were as
follows: 13.83 mg g-1 for 2-CPh and 19.61 mg g-1 for
2,4-DCPh (on Pd/Fe nanoparticles with multi-walled car-
bon nanotube support) [42]; 3.86 mmol g-1 for 2,4-
DCPh(on activated carbon PSO) [14]; 70 mg g-1 for
2-CPh (on fuel oil fly ash) [43]; 285.71 mg g-1 for 2,4-
DCPh (on ammonia-modified activated carbon) [44];
232.56 mg g-1 for 2,4-DCPh (on activated carbon derived
from agricultural waste) [45]; 244 mg g-1 for 2,4-DCPh
(on Mn-modified activated carbon prepared from Polygo-
num orientale Linn) [46]; 29.58 mg g-1 for 2,4-DCPh (on
cyclodextrin-ionic liquid polymer as a macroporous mate-
rial) [47]. It can be observed that the adsorption efficiency
of amino-modified MCM-48 is higher than that of most
adsorbents. We can state that the MCM-48/TEPA and
MCM-48/TMSPA adsorbents are interesting candidates for
applications in chlorophenol removal from wastewater.
Effect of contact time and concentration on the adsorption
procedure
The influence of initial concentration on the removal of
chlorophenols by MCM-48/TMSPA and MCM-48/TEPA
adsorbents was studied at initial concentration of
50–500 mg L-1 and the result presented in Figs 5 and 6.
Generally, it is obvious from the figures that the sorption
capacity of chlorophenol on modified mesoporous silica
increased with increase in chlorophenol concentration. The
increase in adsorption capacity with increasing chloro-
phenol concentration could be due to the higher probability
of collision between adsorbent surface and chlorophenol
molecules. In addition, this observation might be attributed
to the increase in the number of analyte molecules (or ions)
competing for the available binding sites on the surface of
the adsorbent.
Figures 5 and 6 show the effect of contact time for
the adsorption of 2-CPh and 2,4-DCPh on functional-
ized MCM-48. It is obvious that time has significant
influence on the adsorption of chlorophenol. Figures 5
and 6 also indicate that the time required for equilib-
rium is 3 h: adsorption equilibrium time, determined at
Fig. 4 Adsorption isotherm for
2-CPh and 2,4-DCPh removal
on synthesis adsorbents (contact
time = 3 h, adsorbent
dosage = 0.4 g L-1)
Fig. 5 Effect of initial concentration and contact time on removal
of 2-CPh and 2,4-DCPh on MCM-48/TMSPA (adsorbent
dosage = 0.4 g L-1, contact time = 3 h)
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the time after which the concentration of the chloro-
phenol solution remained without change during the
adsorption process. Thus, for all equilibrium adsorption
studies, the contact period was kept 3 h. It is obvious
from Figs. 5 and 6 that the extent of adsorption is rapid
in the initial stages and becomes slow in the next
stages until saturation is occurred. This is clear from
the fact that a large number of surface sites are
available for adsorption at the initial stages and after
passing of time; the remaining surface sites are difficult
to be occupied because of repulsion between bulk
phases and the solute molecules of the solid. The
mechanism of adsorption is an essentially diffusion of
analyte molecules into pores of adsorbent surface.
Effect of pH
One of the most important factors which affect the
adsorption of analyte from aqueous solution is the pH. This
is because it plays an important role in the adsorption
process as the OH- and H? ions might compete with the
other analyte for the adsorption on the active site and/or a
strong water hydration sphere around the analyte molecule.
The effect of the pH on the adsorption 2-CPh and 2,4-
DCPh from aqueous solution was studied at different pHs
(from 3 to12) and the results are presented in Fig. 7.
Hydrochloric acid and sodium hydroxide solutions were
used to adjust the pH of the solution. At low pH, the
adsorption of the 2-CPh and 2,4-DCPh was considerably
low and this may be due to the fact that H?, which have
almost the same concentration (1 9 10-4 M) out-compete
with the chlorophenol for the same active sites [48, 49].
Meanwhile, when the pH of the solution was increased the
adsorption was greatly enhanced; most of the chlorophenol
molecules were present in their ionized; negative ions
form. This leads to the increase in the adsorption. But in the
high pH (9–12) the adsorption capacity was decreased.
This decrease was mostly due to the repulsion between the
modified mesoporous silica and the anionic chlorophenol
ions as well as the competition between the analytes and
the hydroxyl ions present (higher in concentration than the
chlorphenol), to the solution at such high pH, for the
adsorption on the modified MCM-48 active sites.
Effect of adsorbents’ dose
The determination of optimum dose is essential for opti-
mization of the removal process. It is observed that with a
slight increase of the dose of the modified MCM-48 for a
fixed initial chlorophenol concentration the adsorption
capacity increases (Fig. 8). This can be attributed to the
availability of more adsorption sites and increased
adsorbent surface area due to the increased adsorbent. It
can be concluded that the rate of phenolic compounds
binding with adsorbents increases more rapidly in the
initial stages and after some point adsorption is marginal
and becomes almost a constant. Therefore, the optimum
adsorbent dosage was taken as 0.01 g/25 mL for further
experiments.
Adsorption isotherms
The equilibrium studies are very important in understand-
ing the adsorption mechanism and in designing the
adsorption process. The experimental equilibrium data are
fitted with different isotherms to find the most suitable
model that can be used for designing and assessing the
performance of the adsorption process. The parameters
obtained from different isotherm models provide important
Fig. 6 Effect of initial concentration and contact time on removal
of 2-CPh and 2,4-DCPh on MCM-48/TEPA (adsorbent
dosage = 0.4 g L-1, contact time = 3 h)
Fig. 7 Effect of pH on removal of chlorophenols on MCM-48/
TMSPA and MCM-48/TEPA (initial concentration = 300 mg L-1,
adsorbent dose 0.4 g L-1, contact time = 3 h)
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information on the adsorption mechanism, the surface
properties of the sorbent and the affinities between the
sorbent and sorbate. In this study, the experimental data
were fitted with Langmuir and Freundlich isotherms.
Langmuir isotherm assumes the ideal situation of an
entirely homogeneous surface of the sorbent, the mono-
layer coverage of the adsorption surface, no interactions
between the adsorbed molecules and the heat of adsorption
is dependent on surface coverage [50].









where qe is the adsorbed amount of chlorophenol under
equilibrium (mg g-1), Ce is the equilibrium concentration
of chlorophenol in solution (mg L-1), qm is the monolayer
adsorption capacity (mg g-1) and b (L mg-1) is the con-
stant related to the free energy of adsorption. Freundlich
isotherm is an empirical model, appropriate for adsorption
on heterogeneous surfaces, with interaction between
adsorbed molecules [52]. Freundlich isotherm is expressed
as follows [53]:




where KF is the Freundlich isotherm constant concerned
with the relative adsorption capacity and n is constant
related to the intensity of adsorption. By plotting of ln qe
versus ln Ce the value of KF was obtained from the inter-
cept and n from the slope. The slope and the intercept
correspond to (1/n) and KF, respectively.
The correlation coefficient (R2) and the parameters of
isotherms are listed in Table 2 for 2-CPh and 2,4-DCPh.
It can be seen that Freundlich isotherm fits the data
better than Langmuir isotherm. The MCM-48/TMSPA and
MCM-48/TEPA adsorbents used in this work had a rela-
tively large adsorption capacity. This indicates that modi-
fied MCM-48 materials are effective to remove 2-CPh and
2,4-DCPh from aqueous solutions.
Adsorption kinetics
The adsorption kinetic of 2-CPh and 2,4-DCPh on MCM-
48/TMSPA and MCM-48/TEPA adsorbents was investi-
gated by fitting the experimental data with two kinetic
models, namely pseudo-first-order and pseudo-second-
order. The linearized form of the pseudo-first-order equa-
tion [54] is generally expressed as
ln ðq e  qtÞ ¼ ln q e  k1t; ð5Þ
where qe and qt are amounts of chlorophenol adsorbed
(mg g-1) at equilibrium and time t (min), respectively, and
k1 is the rate constant of pseudo-first-order adsorption
(min-1). The values of log (qe - qt) were calculated from
the kinetic data of Figs. 9 and 10. The k1 values and qe
were calculated from slope and intercept from the plots of
log (qe - qt) versus t for different concentration. The k1
values, qe calculated and correlation coefficient is given in
Table 3. Also, the calculated qe values agree with the
experimental data (qe.exp). These indicate that the adsorp-
tion perfectly complies with pseudo-first-order reac-
tion.The linearized form of the pseudo-second-order
equation is [55] as follows:
Fig. 8 Effect of adsorbent dose on removal of chlorophenols
on MCM-48/TMSPA and MCM-48/TEPA (initial concentra-
tion = 300 mg L-1, contact time = 3 h)
Table 2 Langmuir and Freundlich constants for adsorption 2-CPh and 2,4-DCPh by MCM-48/TEPA and MCM-48/TMSPA adsorbents
Adsorbate Adsorbent Langmuir constants Freundlich constants
qm (mg g
-1) b (L mg-1) R2 KF (mg g
-1) n (L mg-1) R2
2-CPh MCM-48/TMSPA 588.23 0.0052 0.879 0.33 0.73 0.9943
MCM-48/TEPA 555.55 0.0039 0.8268 0.003 0.455 0.9981
2,4-DCPh MCM-48/TMSPA 476.19 0.01 0.9433 1.092 0.85 0.9908
MCM-48/TEPA 588.23 0.0040 0.8716 0.03 0.54 0.9947








where k2 is the rate constant of pseudo-second-order
adsorption [g(mg min)-1]. The plots of (t/qt) versus t for
the pseudo-second-order model given in Eq. (6) were
drawn at a different solution in Figs. 11 and 12. The qe and
k2 values were calculated from slope and intercept of these
plots, respectively. The qe.exp values do not agree with
calculated ones, obtained from the Eq. (6). These results
show that the adsorption of chlorophenol onto mesoporous
silica modified with TEPA and TMSPA is not a pseudo-
second-order reaction.
Table 3 shows that the correlation coefficients of first-
order kinetic model are greater than second-order kinetic.
Also, the calculated qe values of first-order kinetic model
agree with the experimental data (qe.exp).
Conclusion
In the present work, The adsorption of 2-chlorophenol
and 2,4-dichlorophenol by MCM-48 ordered meso-
porous silica, aminopropyl functionalized MCM-48
(MCM-48/TMSPA) and tetraethylenepentamine func-
tionalized MCM-48 (MCM-48/TEPA) materials was
studied. Many of the factors that greatly affect the
adsorption process were studied and optimized such as
the mass of adsorbent, analyte concentration, pH of
the solution and contact time. The obtained results
showed that the adsorption capacity of the adsorbents
varied in the order MCM-48/TMSPA [ MCM-48/
TEPA [ MCM-48. The adsorption capacity of chlor-
ophenols by mesoporous silica was enhanced through
functionalization with amine groups. This may be
because of the hydrophobicity created by amine
group. It is also surmised that the chlorophenols are
weak acids and there are acid and alkaline interactions
among amine groups of adsorbent and chlorophenols.
Langmuir, Freundlich isotherm models are employed
for modeling the adsorption behaviors of chlorophe-
nols adsorption. It is observed that Freundlich iso-
therm is found to be the more suitable and appropriate
Fig. 9 Pseudo-first-order kinetics plots for the removal of 2-CPh
by MCM-48/TEPA and MCM-48/TMSPA adsorbents (adsorbent
dosage = 0.4 g L-1, contact time = 3 h)
Fig. 10 Pseudo-first-order kinetics plots for the removal of 2,4-DCPh
by MCM-48/TEPA and MCM-48/TMSPA adsorbents (adsorbent
dosage = 0.4 g L-1, contact time = 3 h)
Table 3 Pseudo-first-order and pseudo-second-order constants for the removal 2-CPh and 2,4-DCPh by MCM-48/TEPA and MCM-48/TMSPA
adsorbents












2-CPh MCM-48/TMSPA 350 341.38 0.0093 0.9977 666.6 7:75  106 0.9211
MCM-48/TEPA 300 294.65 0.0097 0.9952 588.23 8:2  106 0.9024
2,4-DCPh MCM-48/TMSPA 362 420.94 0.0151 0.9945
0.9823
555.55 1:63  105 0.9823
MCM-48/TEPA 315 330.2 0.0105 0.9935
0.9401
625 7:49  106 0.9401
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model to explain the adsorption isotherm. The kinetic
studies indicated that the adsorption of 2-CPh and 2,4-
DCPh onto modified adsorbents followed the pseudo-
first-order model.
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